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vABSTRACT
Mechanical heart assist device is an emerging treatment for end-stages of
heart failure which is an alternative to heart transplant due the shortage of heart
donors. Despite the clinical success of “Left Ventricular Assist Devices (LVAD)”,
the development still continue as new designs are progressively being tested to address
the ever existing complications. Developing these blood pumps requires determining a
balance in providing adequate pump performance while giving attention to possible
occurrence of blood damage. This study utilized a proposed design concept of
a hybrid bearing system and evaluate its’ merits of adapting the concept from a
perspective of computational fluid dynamic (CFD) approach. Two design parameters
were chosen for this study; the conical shape of the impeller bottom that functions
to provide both radial and axial stability and secondly, the inclusion of a groove
profile intended to complement the system as a hydrodynamic bearing as well as
improving washout flow. Four model variations were constructed from the design
parameters for comparison with the number of mesh between 8.9 to 9.8 million
nodes. Menter’s Shear Stress Transport (SST) turbulent model was used to simulate
3 different operating speeds (2000 rpm, 3000 rpm, 4000 rpm) at 5 varying flowrate
(3, 4, 5, 6, 7 L/min). Evaluation involved assessing the model variants based on
several performance criteria. Ranked selection method was used to rate and select
the better performing model variation with a good compromise between the level of
blood damage potential (hemolysis index) and the pump performance although heavier
emphasis on blood damage was chosen as a priority. In the analysis, CFD results
showed that the inclusion of conical shape has negligible effect on pump head with
a minor 0.8 percent difference, however it does present a potential area of stagnant
flow, reducing washout by 28.3 percent. The groove profile along with conical shaped
impeller present high shear stress region at the impeller bottom area that caused an
increase in hemolysis index by an average of 15.4 percent. Ranking and selection of the
model variants resulted in the flat groove configuration scored as the best performing
configuration that gives the good compromise of pump performance and hemolysis.
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ABSTRAK
Alat bantu jantung mekanikal adalah rawatan terkini untuk peringkat akhir
penyakit jantung yang merupakan alternatif kepada transplantasi jantung kerana
kekurangan penderma jantung. Walaupun dengan kejayaan klinikal pengunaan
“Left Ventricular Assist Devices (LVAD)”, penyelidikan masih diterusan dengan
pelbagai reka bentuk baru yang diuji sehingga hari ini untuk menangani komplikasi
rawatan tersebut. Fabrikasi pam darah memerlukan keseimbangan dalam menyediakan
tekanan pam yang mencukupi sambil memberi perhatian kepada berlakunya kerosakan
darah. Kajian ini menggunakan konsep reka bentuk sistem galas hibrid dan menilai
merit penyesuaian konsep ini dari perspektif perkomputeran dinamik bendalir. Dua
parameter reka bentuk dipilih untuk kajian ini; bentuk kon di bahagian bawah impeler
yang berfungsi menyediakan kestabilan radial dan axial. Parameter kedua ialah profil
alur yang membantu sistem pam sebagai galas hidrodinamik serta meningkatkan aliran
darah dibawah impeler. Daripada parameter reka bentuk tersebut, empat variasi model
dibandingkan dengan jumlah jaringan antara 8.9 hingga 9.8 juta nod. Model turbulen
“Shear Stress Transport Menter (SST)” dipilih bagi mensimulasikan 3 kelajuan operasi
yang berbeza (2000 rpm, 3000 rpm, 4000 rpm) pada 5 kadar aliran (3, 4, 5, 6,
7 L/min). Penilaian varian model berdasarkan beberapa kriteria prestasi. Kaedah
pemilihan mengikut pemarkahan digunakan untuk menilai prestasi parameter reka
bentuk untuk mendapatkan konfigurasi model yang mempunyai kompromi terbaik
antara tahap potensi kerosakan darah (indeks hemolisis) dan prestasi pam dengan
penekanan markah yang lebih tinggi diberi ke atas indeks hemolisis. Dalam analisis
ini, keputusan perkomputeran dinamik bendalir menunjukkan bahawa bentuk kon
impeler tidak mempunyai kesan negatif yang ketara terhadap prestasi pam yang hanya
mempunyai perbezaan 0.8 peratus. Bagaimanapun ia berisiko menyebabkan kawasan
aliran bertakung dan mengurangkan aliran di bawah impeller sebanyak 28.3 peratus.
Kombinasi bentuk kon impeler dan profil alur menyebabkan tegasan ricih yang tinggi
di kawasan bawah impeler dan peningkatan indeks hemolisis sebanyak 15.4 peratus.
Pemilihan variasi model menunjukkan konfigurasi alur rata sebagai konfigurasi yang
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CHAPTER 1
INTRODUCTION
1.1 Background of the Problem
Congestive heart failure (CHF) is a type cardiovascular disease that causes
ventricular dysfunction and a reduction in cardiac output (Hunt and Frazier (1998);
Wood et al. (2005)). CHF is fatal and is increasing in major urban areas of developing
countries and developed countries alike where it is a leading cause of mortality
globally. The fatality rate is one in five patients died within the first year and fewer
than 60 percent survives to five years (Lloyd-Jones et al. (2010)).
There are many therapies for treating patients with heart failure (HF). For early
stages of HF includes lifestyle changes, medications, transcatheter interventions and
surgery. However, for patients with the advanced stage of HF, heart transplantation
or Ventricular Assist Device (VAD) is the only treatment options. Heart transplant
remains the best treatment to date but due to the limited number of donor hearts, only a
minor percentage of patients benefit from this treatment (Porepa and Starling (2014)).
Mechanical heart assist device is an emerging treatment for end-stages of heart
failure which is an alternative to heart transplant due the shortage of heart donors. The
Left Ventricular Assist Device (LVAD) has evolved with decades of improvements,
currently is the third generation of LVAD with the highlighted feature of utilizing
electromagnets drive system, magnetic and/or hydrodynamic levitations principles
for improved durability and reliability as blood pump. The advancements in LVAD
technology has facilitated sequential approval for clinical use either as a temporary
bridge to transplant (BTT) and as a permanent support, destination therapy (DT)
(Porepa and Starling (2014)).
2Decades of development have aimed to make the LVADs even smaller and less
cumbersome devices. However, such an improvement results in some drawbacks; as
the pump reduces size, a higher impeller speeds is required to provide the adequate
pressures, and blood damage and platelet activation will become a more apparent issue
(Fraser et al. (2011)). Therefore, determining a balance between better performance
and pump size with acceptable hemo-compatibilty.
Despite the clinical success of LVADs, the development stills continues as
new designs are progressively being tested to address the ever existing complications.
Developing these blood pumps requires certainties in providing adequate pump
performance while giving attention to possible occurrence of blood damage. Solutions
in solving these complications is a multidisciplinary task employing numerical
modeling, in-vitro models, animal trials, and clinical trials. Computational fluid
Dynamics (CFD) forms the bulk of numerical modeling since LVADs are essentially
blood pumps where fluid flow is involved as in many fields of engineering. CFD is
a versatile tool for design development of LVAD as numerous design configurations
could be characterized for virtually functional performance before fabricating the
physical device (Fraser et al. (2011)).
1.2 Statement of the Problem
The main challenge faced developing rotary blood pump is the potential
damage to blood cells. Hemolysis and platelet activation are a function of both
level of shear stress and the exposure time of blood particles traversing through the
blood pump. Blood damage is affected by the blood flow within the pump and
varying geometries of the pump is hypothesized to contribute to this effect. Therefore,
evaluation the effects of varying geometric parameters are the focus of this study.
Numerical simulation is used to assess the effects of the design factors on the potential
for blood damage and also blood pump performance.
31.3 Objectives of the Study
The objective of this research comprise of the following:
1. To construct and evaluate the numerical models of blood pump in performance
and blood damage potential
2. To determine the best model configuration with acceptable compromise of
overall performance
1.4 Scope of the Study
The scope of this study is focused on steady state numerical simulation.
Evaluation of blood pump model variations is based on selected design factors.
Ranked selection method is used for rating and comparison of selecting the best model
configuration with the best compromise of key performance criteria.
1.5 Significance of the Study
This study expands the works of adapting a blood pump design based on
established pump design principles. Numerical simulation approach is utilized in
evaluating the pump design to function as a blood pump which puts emphasis on
indications for blood damage and thrombosis In addition to common performance
measures like generated pressure and efficiency. The benefit of this research is in
providing a comprehensive estimation of overall performance at design stage that
would eventually pave way to devising a physical working prototype of the blood pump
design.
REFERENCES
Akdis, M. and Reul, H. (2005). Mechanical blood pumps for cardiac assistance.
Applied Bionics and Biomechanics, 2(2):73–80.
Alemu, Y. and Bluestein, D. (2007). Flow-induced platelet activation and damage
accumulation in a mechanical heart valve: numerical studies. Artificial organs,
31(9):677–88.
Amaral, F., Gross-Hardt, S., Timms, D., Egger, C., Steinseifer, U., and Schmitz-Rode,
T. (2013). The spiral groove bearing as a mechanism for enhancing the secondary
flow in a centrifugal rotary blood pump. Artificial organs, 37(10):866–74.
Andersson, B., Andersson, R., Hakansson, L., Mortensen, M., Sudiyo, R., and van
Wachem, B. (2012). Computational fluid dynamics for engineers. Cambridge
University Press, 1st edition.
Ansys (2009). ANSYS CFX Tutorials. Knowledge Creation Diffusion Utilization,
15317(November):724–746.
Apel, J., Neudel, F., and Reul, H. (2001). Computational fluid dynamics and
experimental validation of a microaxial blood pump. ASAIO journal (American
Society for Artificial Internal Organs : 1992), 47(5):552–8.
Arora, D., Behr, M., and Pasquali, M. (2004). A tensor-based measure for estimating
blood damage. Artificial organs, 28(11):1002–15.
Behbahani, M., Behr, M., Hormes, M., Steinseifer, U., Arora, D., Coronado, O., and
Pasquali, M. (2009). A review of computational fluid dynamics analysis of blood
pumps. European Journal of Applied Mathematics, 20(04):363.
Carswell, D., Hilton, A., Chan, C., McBride, D., Croft, N., Slone, A., Cross,
M., and Foster, G. (2013a). Development of a radial ventricular assist device
using numerical predictions and experimental haemolysis. Medical engineering &
physics, 35(8):1197–203.
Carswell, D., McBride, D., Croft, T. N., Slone, A. K., Cross, M., and Foster, G.
(2013b). A CFD model for the prediction of haemolysis in micro axial left
ventricular assist devices. Applied Mathematical Modelling, 37(6):4199–4207.
75
Day, S. W., Lemire, P. P., Flack, R. D., and McDaniel, J. C. (2003). Effect of Reynolds
Number on Performance of a Small Centrifugal Pump. In Volume 1: Fora, Parts A,
B, C, and D, volume 2, pages 1893–1899. ASME.
Dolgin, M. (1994). Nomenclature and Criteria for Diagnosis of Diseases of the Heart
and Great Vessels. Boston : Little, Brown & Co, 9th edition.
Fogelson, A. L. and Guy, R. D. (2004). Platelet-wall interactions in continuum models
of platelet thrombosis: formulation and numerical solution. Mathematical medicine
and biology : a journal of the IMA, 21(4):293–334.
Fraser, K. H., Taskin, M. E., Griffith, B. P., and Wu, Z. J. (2011). The use of
computational fluid dynamics in the development of ventricular assist devices.
Medical engineering & physics, 33(3):263–80.
George, T. J., Arnaoutakis, G. J., and Shah, A. S. (2011). Surgical treatment
of advanced heart failure: alternatives to heart transplantation and mechanical
circulatory assist devices. Progress in cardiovascular diseases, 54(2):115–31.
Giersiepen, M., Wurzinger, L. J., Opitz, R., and Reul, H. (1990). Estimation of shear
stress-related blood damage in heart valve prostheses–in vitro comparison of 25
aortic valves. The International journal of artificial organs, 13(5):300–6.
Goldstein, D. and Oz, M. (2000). Cardiac Assist Devices, volume 0. Wiley.
Goodman, P. D., Barlow, E. T., Crapo, P. M., Mohammad, S. F., and Solen, K. A.
(2005). Computational model of device-induced thrombosis and thromboembolism.
Annals of biomedical engineering, 33(6):780–97.
Goubergrits, L. and Affeld, K. (2004). Numerical estimation of blood damage in
artificial organs. Artificial organs, 28(5):499–507.
Graefe, R., Henseler, A., and Steinseifer, U. (2015). Multivariate Assessment of
the Effect of Pump Design and Pump Gap Design Parameters on Blood Trauma.
Artificial organs.
Grigioni, M., Morbiducci, U., D’Avenio, G., Benedetto, G. D., and Del Gaudio, C.
(2005). A novel formulation for blood trauma prediction by a modified power-law
mathematical model. Biomechanics and modeling in mechanobiology, 4(4):249–60.
Guyton, A. C. and Hall, J. E. (2006). Textbook of Medical Physiology. Elsevier Inc.,
11th edition.
Hilton, A. (2010). Proposal for a cost-effective centrifugal rotary blood pump: design
of a hybrid magnetic/hydrodynamic bearing. PhD thesis, University of Nottingham.
Hilton, A. and Tansley, G. (2008). Magnetic drive system for a new centrifugal rotary
blood pump. Artificial Organs, 32(10):772–777.
76
Hoshi, H., Shinshi, T., and Takatani, S. (2006). Third-generation blood pumps with
mechanical noncontact magnetic bearings. Artificial organs, 30(5):324–38.
Hunt, S. A., Abraham, W. T., Chin, M. H., Feldman, A. M., Francis, G. S., Ganiats,
T. G., Jessup, M., Konstam, M. A., Mancini, D. M., Michl, K., Oates, J. A.,
Rahko, P. S., Silver, M. A., Stevenson, L. W., and Yancy, C. W. (2009). 2009
Focused update incorporated into the ACC/AHA 2005 Guidelines for the Diagnosis
and Management of Heart Failure in Adults A Report of the American College
of Cardiology Foundation/American Heart Association Task Force on Practice
Guidelines Developed . Journal of the American College of Cardiology, 53(15):e1–
e90.
Hunt, S. A. and Frazier, O. (1998). Mechanical Circulatory Support and Cardiac
Transplantation. Circulation, 97(20):2079–2090.
Ichikawa, S., Nonaka, K., Linneweber, J., Kawahito, S., Motomura, M., Nishimura,
I., Glueck, J., Shinohara, T., and Nosé, Y. (2002). Flow visualization study to
investigate the secondary flow behind the impeller in the Gyro centrifugal pump.
Artificial organs, 26(12):1050–2.
Jessup, M., Abraham, W. T., Casey, D. E., Feldman, A. M., Francis, G. S., Ganiats,
T. G., Konstam, M. A., Mancini, D. M., Rahko, P. S., Silver, M. A., Stevenson,
L. W., and Yancy, C. W. (2009). 2009 Focused Update: ACCF/AHA Guidelines for
the Diagnosis and Management of Heart Failure in Adults. Journal of the American
College of Cardiology, 53(15):1343–1382.
Karassik, I. J., Messina, J. P., Cooper, P., and Heald, C. C. (2000). Pump Handbook.
Mcgraw-hill.
Kink, T. and Reul, H. (2004). Concept for a new hydrodynamic blood bearing for
miniature blood pumps. Artificial organs, 28(10):916–20.
Klabunde, R. E. (2005). Cardiovascular Physiology Concepts. Lippincott Williams &
Wilkins.
Leverett, L. B., Hellums, J. D., Alfrey, C. P., and Lynch, E. C. (1972). Red blood cell
damage by shear stress. Biophysical journal, 12(3):257–73.
Lloyd-Jones, D., Adams, R. J., Brown, T. M., Carnethon, M., Dai, S., De Simone, G.,
Ferguson, T. B., Ford, E., Furie, K., Gillespie, C., Go, A., Greenlund, K., Haase, N.,
Hailpern, S., Ho, P. M., Howard, V., Kissela, B., Kittner, S., Lackland, D., Lisabeth,
L., Marelli, A., McDermott, M. M., Meigs, J., Mozaffarian, D., Mussolino, M.,
Nichol, G., Roger, V. L., Rosamond, W., Sacco, R., Sorlie, P., Stafford, R., Thom,
T., Wasserthiel-Smoller, S., Wong, N. D., and Wylie-Rosett, J. (2010). Heart disease
and stroke statistics–2010 update: a report from the American Heart Association.
77
Circulation, 121(7):e46–e215.
Lobanoff, V. S. and Ross, R. R. (2013). Centrifugal Pumps: Design and Application:
Design and Application. Elsevier Science.
Lund, L. H., Edwards, L. B., Kucheryavaya, A. Y., Benden, C., Dipchand, A. I.,
Goldfarb, S., Levvey, B. J., Meiser, B., Rossano, J. W., Yusen, R. D., and
Stehlik, J. (2015). The Registry of the International Society for Heart and Lung
Transplantation: Thirty-second Official Adult Heart Transplantation Report-2015;
Focus Theme: Early Graft Failure. The Journal of heart and lung transplantation
: the official publication of the International Society for Heart Transplantation,
34(10):1244–54.
Miller, L. W. (2011). Left ventricular assist devices are underutilized. Circulation,
123(14):1552–8; discussion 1558.
Moazami, N., Fukamachi, K., Kobayashi, M., Smedira, N. G., Hoercher, K. J.,
Massiello, A., Lee, S., Horvath, D. J., and Starling, R. C. (2013). Axial and
centrifugal continuous-flow rotary pumps: a translation from pump mechanics to
clinical practice. The Journal of heart and lung transplantation : the official
publication of the International Society for Heart Transplantation, 32(1):1–11.
Morsi, Y., Kogure, M., and Umezu, M. (1999). Relative blood damage index of the
jellyfish valve and the Bjork-Shiley tilting-disk valve. Journal of Artificial Organs,
2(2).
Murashige, T., Kosaka, R., Sakota, D., Nishida, M., Kawaguchi, Y., Yamane, T.,
and Maruyama, O. (2015). Evaluation of erythrocyte flow at a bearing gap
in a hydrodynamically levitated centrifugal blood pump. In 2015 37th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), pages 270–273. IEEE.
Nosé, Y. (1998). Design and development strategy for the rotary blood pump. Artificial
organs, 22(6):438–46.
Nosé, Y., Yoshikawa, M., Murabayashi, S., and Takano, T. (2000). Development
of rotary blood pump technology: past, present, and future. Artificial organs,
24(6):412–20.
Oz, M. C., Gelijns, A. C., Miller, L., Wang, C., Nickens, P., Arons, R., Aaronson, K.,
Richenbacher, W., van Meter, C., Nelson, K., Weinberg, A., Watson, J., Rose, E. A.,
and Moskowitz, A. J. (2003). Left ventricular assist devices as permanent heart
failure therapy: the price of progress. Annals of surgery, 238(4):577–83; discussion
583–5.
78
Pagani, F. D. (2008). Continuous-flow rotary left ventricular assist devices with "3rd
generation" design. Seminars in thoracic and cardiovascular surgery, 20(3):255–63.
Paul, R., Apel, J., Klaus, S., Schügner, F., Schwindke, P., and Reul, H. (2003). Shear
stress related blood damage in laminar Couette flow. Artificial Organs, 27(6):517–
529.
Porepa, L. F. and Starling, R. C. (2014). Destination therapy with left ventricular assist
devices: for whom and when? The Canadian journal of cardiology, 30(3):296–303.
Slaughter, M., Russell, S. D., Conte, J. V., Feldman, D., Ph, D., Sun, B., Tatooles,
A. J., Delgado, R. M., Long, J. W., Wozniak, T. C., Ghumman, W., Farrar, D. J.,
and Frazier, O. H. (2009). Advanced heart failure treated with continuous-flow left
ventricular assist device. The New England journal of medicine, 361(23):2241–51.
Stepanoff, A. J. (1948). Centrifugal and Axial Flow Pumps: Theory, Design, and
Application. J. Wiley.
Su, B., Chua, L. P., and Zhong, L. (2013). Numerical Studies of an Axial Flow
Blood Pump with Different Diffuser Designs. Journal of Mechanics in Medicine
and Biology, 13(03):1350029.
Taskin, M. E., Fraser, K. H., Zhang, T., Gellman, B., Fleischli, A., Dasse, K. A.,
Griffith, B. P., and Wu, Z. J. (2010). Computational characterization of flow
and hemolytic performance of the UltraMag blood pump for circulatory support.
Artificial organs, 34(12):1099–113.
VanPutte, C., Regan, J., Russo, A., Manager, B., and Reed, A. (2016). Seeley’s
Anatomy & Physiology. McGrawHill, 9th edition.
Wood, H. G., Throckmorton, A. L., Untaroiu, A., and Song, X. (2005). The medical
physics of ventricular assist devices. Reports on Progress in Physics, 68(3):545–
576.
Wu, J., Paden, B. E., Borovetz, H. S., and Antaki, J. F. (2010). Computational fluid
dynamics analysis of blade tip clearances on hemodynamic performance and blood
damage in a centrifugal ventricular assist device. Artificial organs, 34(5):402–11.
Xiao, A., Park, S. S., and Freiheit, T. (2011). A Comparison of Concept Selection in
Concept Scoring and Axiomatic Design Methods.
Yancy, C. W., Jessup, M., Bozkurt, B., Butler, J., Casey, D. E., Drazner, M. H.,
Fonarow, G. C., Geraci, S. A., Horwich, T., Januzzi, J. L., Johnson, M. R.,
Kasper, E. K., Levy, W. C., Masoudi, F. A., McBride, P. E., McMurray, J. J. V.,
Mitchell, J. E., Peterson, P. N., Riegel, B., Sam, F., Stevenson, L. W., Tang, W.
H. W., Tsai, E. J., and Wilkoff, B. L. (2013). 2013 ACCF/AHA guideline for the
79
management of heart failure: executive summary: a report of the American College
of Cardiology Foundation/American Heart Association Task Force on practice
guidelines. Circulation, 128(16):1810–52.
Yano, T., Sekine, K., Mitoh, A., Mitamura, Y., Okamoto, E., Kim, D.-W., Nishimura,
I., Murabayashi, S., and Yozu, R. (2003). An estimation method of hemolysis
within an axial flow blood pump by computational fluid dynamics analysis. Artificial
organs, 27(10):920–5.
Yu, S. C., Ng, B. T., Chan, W. K., and Chua, L. P. (2000). The flow patterns within
the impeller passages of a centrifugal blood pump model. Medical engineering &
physics, 22(6):381–93.
Zhang, T., Taskin, M. E., Fang, H.-B., Pampori, A., Jarvik, R., Griffith, B. P., and
Wu, Z. J. (2011). Study of flow-induced hemolysis using novel Couette-type blood-
shearing devices. Artificial organs, 35(12):1180–6.
Zhu, X., Zhang, M., Zhang, G., and Liu, H. (2006). Numerical Investigation on
Hydrodynamics and Biocompatibility of a Magnetically Suspended Axial Blood
Pump. ASAIO Journal, 52(6):624–629.
